We performed first principles calculations for epitaxially strained orthorhombic CaTiO3. The computational results reveal the existence of a metastable ferroelectric phase at compressive strain with unexpected in-plane polarization. Symmetry analysis indicates that a strain-induced nonpolar instability at the X point combines with distortion modes present in the nonpolar orthorhombic structure to induce the polarization, leading to characterization as a hybrid improper ferroelectric. Our work demonstrates a mechanism for improper ferroelectricity in simple perovskites without the need for symmetry lowering by layering or cation ordering.
Recently, improper ferroelectricity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has been the subject of intensive theoretical and experimental investigation. The difference between proper and improper ferroelectricity lies in the driving factor that leads to electric polarization. Unlike proper ferroelectrics, in which an unstable polar lattice distortion is the driving factor, the driving factor in improper ferroelectricity is a nonpolar symmetry-breaking ordering, such as a magnetic ordering [5, 8] or a nonpolar structural distortion [3, 6, 7, 9, 10] , which induces the polarization as a secondary order parameter. The difference in the underlying mechanism gives improper ferroelectrics some features distinct from proper ferroelectrics. For instance, in improper ferroelectric perovskites ABO 3 , a B-cation with empty d-state is no longer required as in most proper ferroelectric perovskites [11] , which allows the coexistence of magnetic order and polarization and makes improper ferroelectrics good candidates for new multiferroics.
In improper ferroelectrics, polarization is induced by the nonpolar distortion through a bivariate term P Φ γ , in which P is polarization and Φ is the nonpolar ordering. With any non-zero value for Φ, the energy can always be lowered by some nonzero value of the polarization in an appropriate direction. Recently, hybrid improper ferroelectricity [12] , as a generalization of improper ferroelectricity, has attracted increasing interest. In hybrid improper ferroelectrics, polarization is coupled with a combination of two nonpolar orderings through an interaction term of the form P Φ 1 Φ 2 , which is allowed if Φ 1 and Φ 2 combine to break all the symmetries forbidding polarization in the high-symmetry reference state. Due to the layered structure of perovskite superlattices [3] and perovskite Ruddlesden-Popper phases [12] , the symmetry of the reference state is low enough so that two oxygen octahedron rotation modes can combine to remove the remaining inversion centers and induce a nonzero polarization. However, in simple perovskites, the symmetry of the ideal perovskite reference state is too high for hybrid improper ferroelectricity based on oxygen-octahedron rotations, which preserve the inversion symmetry at the B-site.
In this paper, we present a mechanism for hybrid improper ferroelectricity in a simple perovskite system, and identify and investigate a materials realization in epitaxially strained CaTiO 3 using a first-principles approach. The hybrid improper ferroelectric phase is a metastable P2 1 phase with in-plane polarization, unexpected for compressively strained CaTiO 3 . Through a detailed symmetry analysis, we show that the instability in the zoneboundary mode X − 5 induced by compressive strain combines with the distortions which already present in the ground state P bnm structure to induce the in-plane ferroelectric polarization.
In this study, the first-principles calculations were performed using density functional theory within the local density approximation as implemented in VASP5.2 [13, 14] . We used the Ceperly and Alder functional [15] , with projector-augmented wave potentials [16, 17] . We considered 3p and 4s as valence states to build the Ca pseudopotential, 3p, 3d and 4s valence states for the Ti pseudopotential and 2p valence states for the O pseudopotential. A plane-wave energy cut-off of 680 eV was used. The Brillouin zone of the twenty-atom unit cell was sampled by a 8 × 8 × 6 Monkhorst-Pack k-point mesh [18] .
To investigate the effect of epitaxial strain, we performed "strained bulk" calculations for periodic crystals [19] , with appropriate constraints imposed on the lattice vectors. The zero-strain lattice constant is taken as a 0 = 3.77Å, the cube root of the volume per formula unit of the relaxed P bnm structure. As shown in Fig. 1 , there are two ways to fit the P bnm structure to the matching plane, which lead to two different epitaxially strained structures, c-eP bnm ([001]) and ab-eP bnm ([110]) [20] , respectively. In c-eP bnm, the P bnm space group is retained, while in ab-eP bnm, the symmetry is lowered to P 2 1 /m. In the structural optimization, both the lattice and internal structural parameters were relaxed until forces on atoms were less than 1 meV/Å. Zone center phonons were obtained from frozen phonon calculations carried out in the relaxed non-polar structures, O u t -o f -P l a n e P n a 2 1 P m
E p i t a x i a l S t r a i n ( % ) with each atom displaced by 0.01Å. The energies of various structures are plotted as a function of epitaxial strain in Fig. 2 . Consistent with previous work [20] , the two non-polar structures show different trends with epitaxial strain, with an orientational phase transition point at approximately +1.5%. Above +1.5 % tensile strain, four polar structures with in-plane polarization were observed: P mn2 1 ([100]) and P mc2 1 ([010]) in c-eP bnm (strain plane [001]) and P 2 1 ([001]) and P m ([110]) in ab-eP bnm (strain plane [110] ). Of the four polar structures, the P mn2 1 structure is the lowest in energy, which is also consistent with previous work.
At compressive strains, three polar phases were observed in our calculations. In both the P m([110]) and P na2 1 ([001]) phases, the direction of the polarization is out of the matching plane. In contrast, in the P 2 1 ([001]) phase it is in-plane, which is unexpected for compressive strain in perovskites, in which polarization-strain coupling generally favors polarization along the elongation direction of the unit cell. This suggests that in-plane polarization in P 2 1 is driven by a different mechanism, which we now discuss.
We performed mode decomposition for the various computed structures at compressive strain using ISOTROPY [21] . The dominant distortion modes in both the c-eP bnm(P bnm) and ab-eP bnm(P 2 1 /m) structures are R is the displacement of Ca and O in xy plane alternating along z-axis. In the polar structures, besides the zonecenter mode Γ − 4z , which produces the polarization, many other nonpolar modes are also introduced by the symmetry lowering, but most of their amplitudes are very small. Table I shows the dominant modes in the mode decomposition of various structures with ab-orientation at 5% compressive strain. The P m phase has a large amplitude for the polar mode Γ − 4xy , as expected for a proper ferroelectric. In contrast, in P 2 1 , the largest additional mode amplitude is not Γ To investigate the origin of the polarization in P 2 1 , we adopted the approach in the YMnO 3 study of Fennie and Rabe [1] . As shown in Fig. 5 , we plotted the energy functions of X mode in the ab-eP bnm structure. As we will see below, this behavior, characteristic of improper ferroelectrics such as YMnO 3 , relies on the nonzero amplitude of the distortions in the reference structure, and thus we identify it as hybrid improper ferroelectricity.
Through symmetry analysis, we confirm the origin of the polarization in P 2 1 as hybrid improper ferroelectricity. Now using the high-symmetry cubic structure as the reference structure, we expand the total energy function E as a 4th-order polynomial in distortion modes R Figure 4 ) and elastic strains η 1 , η 2 and η 3 :
For simplicity, the sub-and superscripts are omitted when there is no ambiguity; to distinguish the two X modes, X is used for X are shown explicitly and a single term E P bnm represents the energy function of non-polar structures. The determination of coefficients from firstprinciples results [22] shows that all biquadratic terms, such as Γ This analysis provides a natural way of understanding the instability of the epitaxially-strained nonpolar P bnm phase to the polar P 2 1 phase observed in first-principles identification of low-symmetry phases described above. The unstable distortion is a mixture of a nonpolar X − 5 mode and a polar Γ − 4z mode of the cubic reference structure; we see from the discussion that this coupling results from the pre-existing R + 4 , M + 3 and X + 5 distortions in the P bnm phase. While a transition from the P bnm phase to the P 2 1 phase would be accompanied by a divergence in the dielectric constant, following the study of Tolédano [5] this would be characterized as a pseudoproper, rather than a conventional proper, ferroelectric transition.
In hybrid improper ferroelectrics, the multilinear coupling term couples the switching of the zone-center and zone-boundary modes. In the P 2 1 phase, switching of polarization would result in switching of either a single mode X In CaTiO 3 , the improper ferroelectric phase is not the ground state at any value of epitaxial strain in our "strained bulk" calculation. However, for out-of-plane polarized thin films there are depolarization field effects, which in general would be expected to produce domain structures [23] , at a cost of free energy increasing with domain wall density. Since for the large polarizations predicted for the out-of-plane polar phases in compressively strained CaTiO 3 the domain wall density should be rather high, it might be that the in-plane polarized P 2 1 phase in ultrathin perovskite films is lower in free energy for some range of strain. In addition, the set of perovskites exhibiting the P bnm structure is quite large, and it might be possible to find a system in which the hybrid improper ferroelectric phase is in fact the ground state for some range of epitaxial strain; a first-principles search is currently in progress.
In conclusion, our first-principles study of epitaxially strained CaTiO 3 revealed the existence of an unexpected polar phase with in-plane polarization at compressive strain. Detailed symmetry analysis indicated that the unusual polarization is due to hybrid improper ferroelectricity and is induced by a strain-induced nonpolar instability at the X point combined with distortion modes present in the nonpolar orthorhombic structure. This discovery of a novel strain-induced ferroelectric phase in the simple perovskite CaTiO 3 provides a new mechanism for the design of functional materials with improper ferroelectricity.
